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Formation, Stability and Magnetism of New Gd3TAl3Ge2 Quaternary
Compounds (T = Mn, Cu)
Abstract
A study on the formation and stability of new quaternary compounds with the general chemical formula
Gd3TAl3Ge2 (T = Mn, Cu) has been undertaken by experimental investigations (SEM-EDX, DTA and
XRD) and density functional theory (DFT) calculations. These compounds crystallize in the hexagonal
Y3NiAl3Ge2-type structure (hP9, P–62m, Z = 1) (an ordered, quaternary derivative of the ternary ZrNiAl or
of the binary Fe2P prototypes), with lattice parameters values a = 7.0239(2) Å and c = 4.2580(1) Å for
Gd3MnAl3Ge2 and a = 7.0434(1) Å and c = 4.2089(1) Å for Gd3CuAl3Ge2. DTA suggests a peritectic
reaction for the formation of these compounds (at 1245°C for Gd3CuAl3Ge2). The existence and stability of
these phases has been explained on the basis of DFT calculations, and a comparison of ground state
properties of the studied compounds with the earlier known Gd3CoAl3Ge2 phase is outlined. The negative
formation energies in all three cases govern the stability of compounds from theory as well, predicting
Gd3MnAl3Ge2 as the most stable phase with highest formation energy (–13.01 eV/f.u.). The total DOS are
generic in nature and suggest the robust magnetism, with the Gd-f moments of ≈7 μB. An antiparallel
coupling among Gd-f and T-d states is observed for all compounds, as usually seen in rare earth (R) -
transition metal (T) compounds. Preliminary magnetization measurements on Gd3MnAl3Ge2 show two
ferromagnetic/ferrimagnetic (FM/FIM) like transitions at TC1 = 142 K and TC2 = 97 K, with another
anomaly seen at ≈15 K. Isothermal magnetization data show no hysteresis even at 5 K, and the magnetization
does not saturate up to 50 kOe, further suggesting a possible FIM behavior.
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Abstract. A study on the formation and stability of new quaternary compounds with the general 
chemical formula Gd3TAl3Ge2 (T = Mn, Cu) has been undertaken by experimental investigations 
(SEM-EDX, DTA and XRD) and density functional theory (DFT) calculations. These compounds 
crystallize in the hexagonal Y3NiAl3Ge2-type structure (hP9, 𝑃62𝑚, Z = 1) (an ordered, quaternary 
derivative of the ternary ZrNiAl or of the binary Fe2P prototypes), with lattice parameters values a 
= 7.0239(2) Å and c = 4.2580(1) Å for Gd3MnAl3Ge2 and a = 7.0434(1) Å and c = 4.2089(1) Å for 
Gd3CuAl3Ge2. DTA suggests a peritectic reaction for the formation of these compounds (at 1245°C 
for Gd3CuAl3Ge2). The existence and stability of these phases has been explained on the basis of 
DFT calculations, and a comparison of ground state properties of the studied compounds with the 
earlier known Gd3CoAl3Ge2 phase is outlined. The negative formation energies in all three cases 
govern the stability of compounds from theory as well, predicting Gd3MnAl3Ge2 as the most stable 
phase with highest formation energy (13.01 eV/f.u.). The total DOS are generic in nature and 
suggest the robust magnetism, with the Gd-f moments of 7 B. An antiparallel coupling among 
Gd-f and T-d states is observed for all compounds, as usually seen in rare earth (R) - transition 
metal (T) compounds. Preliminary magnetization measurements on Gd3MnAl3Ge2 show two 
ferromagnetic/ferrimagnetic (FM/FIM) like transitions at TC1 = 142 K and TC2 = 97 K, with another 
anomaly seen at 15 K. Isothermal magnetization data show no hysteresis even at 5 K, and the 
magnetization does not saturate up to 50 kOe, further suggesting a possible FIM behavior. 
Introduction 
The electronic structure and physical properties of quaternary compounds differ from those of 
simple binary and ternary compounds due to their possibilities to naturally form 
structural/functional units via different bonding and packing habits of constituent elements [1, 2]. 
Rare earth (R) based intermetallic compounds are at central point of attraction among scientists due 
to their versatile electronic and physical properties such as structural phase transitions [3], spin 
glass behaviors [4], intermediate valence [5], magnetocaloric effect [6], giant magnetoresistance [7] 
and superconductivity [8]. A number of quaternary R compounds with complex stoichiometries 
were discovered in the past by combining a rare earth element, a late transition metal, and a group 
14 element in liquid aluminum or gallium. With nickel alone, a plethora of new structures can be 
formed, such as RNiAl4Ge2 [9], R2Ni(NixSi1x)Al4Si6 [10] and R0.67Ni2Ga4Ge [11] among others. 
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He et al. [12] synthesized novel R2TAl4Ge2 (R = Y, Gd-Er; T = Fe, Co) quaternary compounds 
crystallizing in the tetragonal Tb2NiAl4Ge2-type structure. They found that the magnetic field-
induced transition of Gd2TAl4Ge2 occurred at 28.1 kOe (9 K) and 42.3 kOe (16 K) for the Fe and 
Co compounds, respectively, with both compounds showing antiferromagnetic ordering at lower 
temperature. In another article, He et al. reported novel R3CoAl3Ge2 (R = Gd-Er) compounds [13] 
crystallizing in the hexagonal Y3NiAl3Ge2-type structure (Pearson symbol hP9, space group 𝑃62𝑚, 
Z = 1) [14]; authors of Ref. 13 reported the magnetization of Gd3CoAl3Ge2 in the range of 4-300 K 
and found that it displays both ferromagnetic and antiferromagnetic behaviors. The experimental 
effective magnetic moment on Gd was found to be 7.01 B per Gd atom, lower than the expected 
7.94 B. In this work, we report on the existence of homologous Gd3TAl3Ge2 compounds forming 
with other transition metals (T). New compounds with T = Mn and Cu, isostructural with 
Gd3CoAl3Ge2, have been synthesized, and the roles of size, electronegativity and valence effects 
brought about by the T atoms in the formation of these phases have been studied. Stability and 
magnetic properties of the new compounds with T = Mn and Cu have been examined 
experimentally. Experimental findings have been complemented with density functional theory 
(DFT) calculations. 
Methods 
Sample preparation, crystallographic details and magnetic measurements 
 Gd3TAl3Ge2 (T = Mn and Cu) samples were prepared by high-frequency induction melting of 
stoichiometric amounts of the pure elements, on a water-cooled cupper hearth, and under a high 
purity Ar flow. Purity of the elements was 99.9 wt.% for Gd, 99.98 wt.% for Mn and 99.999 wt.% 
for Cu, Al and Ge (total weight of 2-3 g). The buttons were flipped upside down and re-melted four 
times for homogeneity, and annealed at 900°C for 7 days (placed in an outgassed Ta tube and 
sealed under vacuum in quartz ampoule). Sample quality was checked by scanning electron 
microscopy (SEM), equipped by microprobe (EDX), and X-ray powder diffraction (XRD). 
Structural refinements were performed by Rietveld method for both compounds by using 
FULLPROF program [15]. Differential thermal analysis (DTA) was employed to check for the type 
of formation of the Gd3CuAl3Ge2 compound; to this aim, 0.85 g of the annealed sample (as above) 
were scanned on heating (at 20°C/min) and cooling (at 10°C/min) on a Netzsch 404 equipment. The 
temperature dependence of the magnetic susceptibility and isothermal magnetization were measured 
by using a magnetic property measurement system (MPMS, Quantum Design). 
Theoretical details 
 The calculations for present compounds were performed using density functional theory (DFT) 
[16] based upon the full-potential linearized augmented plane wave (FPLAPW) method [17] as 
implemented in the WIEN2k program [18]. The Coulomb corrected generalized gradient 
approximation (GGA+U) under the parameterization of Perdew-Burke-Ernzehof (PBE) [19] was 
used to construct the exchange-correlation (XC) functionals. The selection of GGA+U was 
necessary to correct for on-site Gd-f electron correlations and it was done by taking Ueff = U  J = 
6.0 eV [20], which includes the Coulomb parameter, U = 6.7 eV and exchange parameter J = 0.7 
eV. We used Rmtkmax = 8.5 for basis functions, and the cut-off energy and charge convergence 
criteria were set to 106Ry and 106e, respectively, for highly accurate results. The k-space 
integration was performed using the modified tetrahedron method [21]. Self-consistency was 
obtained using 168 k-points in the irreducible Brillouin zone (IBZ). A scalar relativistic calculation, 
with GGA+U formalism, was first performed to obtain a self-consistent potential. After fixing this 
potential, relativistic effects were included with the second variational treatment of spin-orbit 
coupling [22] to obtain the orbital moments for constituent atoms of compounds under 
investigation. 
Results and discussion 
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Phase formation 
The as cast alloys prepared with nominal compositions of Gd3MnAl3Ge2 and Gd3CuAl3Ge2 
were multiphase. The microstructure of as cast Gd3CuAl3Ge2 is shown in Fig. 1; four phases are 
present, identified by EDX and XRD as Gd3CuAl3Ge2, the main, medium grey phase, Gd11Al2Ge8 
(Sc11Al2Ge8-type, tI84, I4/mmm), seen as lightest grey grains, GdGe0.92Al0.08 (CrB-type, oS8, 
Cmcm), grains with a slightly darker shade of grey, and GdCuAl3 (BaAl4-type, tI10, I4/mmm), the 
grains with darkest shade of grey.  A few black speckles seen in Fig. 1 correspond to the cracks of 
the surface of the sample. Annealing converts both samples into nearly single phase materials. Both 
of the new compounds crystallize in the hexagonal Y3NiAl3Ge2-type (hP9, 𝑃62𝑚, Z = 1) [14]; this 
structure is a quaternary ordered derivative of the ternary ZrNiAl and binary Fe2P prototypes. The 
DTA analysis of the Gd3CuAl3Ge2 sample after annealing is shown in Fig. 2 (the heating curve was 
recorded at 20°C/min and the cooling curve at 10°C/min); the data indicate that the compound 
forms by a peritectic reaction at about 1245°C (the data on cooling, at 1230°C, are subjected to 
undercooling effects of  20°C). 
The crystal structures of Gd3MnAl3Ge2 and Gd3CuAl3Ge2 have been refined by Rietveld 
method; the results are shown in Figs. 3a and 3b, and the crystallographic data are listed in Table 1. 
A fully ordered site occupancy is similar to the Y3NiAl3Ge2 prototype. Figure 4 shows a sketch of 
the crystal structure for these quaternary compounds. A discussion concerning the crystal chemistry, 
shortest interatomic distances (chemical bonds) and coordination polyhedra will be reported 
separately. 
 
 Fig. 1. An SEM microphotograph (backscattered electron mode, BSE) showing the four-phase 
microstructure of the Gd3CuAl3Ge2 sample in the as cast form. The black regions in the image are 
cracks on the sample surface. 
 
 Fig. 2. DTA traces of an annealed Gd3CuAl3Ge2 sample recorded on heating at 20°C/min (left) and 
on cooling at 10°C/min (right) showing the peritectic formation of the quaternary compound. 
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 Fig. 3. Observed (red circles) and calculated (black lines) X-ray powder diffraction patterns of 
annealed Gd3MnAl3Ge2 (a) and Gd3CuAl3Ge2 (b). The (blue) line below the patters represents the 
difference between the observed and calculated intensities; the calculated Bragg angle positions are 
indicated by the (green) vertical bars. A minor amount of an unidentified impurity manifested by a 
single weak Bragg peak at ~38° is present in the Mn sample. A minor ( 2 wt.%) concentration of 
GdGe0.92Al0.08 impurity phase has been identified in the Cu sample (Table 1). 
 
 Fig. 4. A sketch of the crystal structure of the Gd3TAl3Ge2 compounds. View along the hexagonal 
c-axis showing the isolated triangular clusters T@Gd3 (a); a view showing the layered structure 
with layers composed of Gd and T atoms alternating with layers of Al and Ge atoms (b). 
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Table 1. Rietveld refinement data of the samples with nominal compositions Gd3MnAl3Ge2 [a = 
7.0239(2) Å, c = 4.2580(1) Å; RB = 2.2 %, RF = 3.3 %, Rwp = 18.7 %, χ2 = 1.5] and Gd3CuAl3Ge2 [a 
= 7.0434(1) Å, c = 4.2089(1) Å; RB = 1.5 %, RF = 3.0 %; Rwp = 16.7%, χ2 = 1.1]. The relatively 
high values of Rwp are related to high backgrounds due to proximity of the Gd L-absorption edge to 
the energy of Cu Kα radiation leading to strong fluorescence. 
 
Atom Wyckoff site Atomic coordinates Biso [Å2] Occupancy 
  x y z   
Gd3MnAl3Ge2 
Gd 3f 0.5888(1) 0 0 0.26(1) 1 
Mn 1a 0 0 0 0.36(4) 1 
Al 3g 0.2298(1) 0 1/2 0.53(5) 1 
Ge 2d 1/3 2/3 1/2 0.33(2) 1 
Gd3CuAl3Ge2* 
Gd 3f 0.5970(2) 0 0 0.36(5) 1 
Cu 1a 0 0 0 0.45(2) 1 
Al 3g 0.227(1) 0 1/2 0.55(2) 1 
Ge 2d 1/3 2/3 1/2 0.41(1) 1 
*This sample contains 2.1(2) wt.% of the impurity phase identified as GdGe0.92Al0.08 (composition obtained from 
EDX analysis); CrB-type (oS8, Cmcm): a = 4.3358(2) Å, b = 10.8079(7) Å, c = 3.9807(2) Å. RB = 16.7 %, RF = 
14.4 %. 
 
Electronic structure and stability 
The formation energies (defined as the difference between the accumulated sum of equilibrium 
energies of all constituent atoms and the equilibrium energy of the resultant compound) are listed in 
Table 2. Although Gd3CoAl3Ge2 is already known [13], we have taken it into consideration in the 
DFT calculations to compare with the new Gd3TAl3Ge2 compounds with T = Mn and Cu. All 
studied compounds are stable with negative formation energies, supporting our experimental 
synthesis results. On the basis of lowest formation energy Gd3MnAl3Ge2 is the most stable phase 
among the three (13.01 eV/f.u.). The total density of states (DOS) and atom-resolved density of 
states at 0 K for all compounds are depicted in Fig.5. In all cases, the total DOS are highly spin 
polarized, indicating robust magnetism. The strongest peaks in the occupied/unoccupied regions are 
due to Gd-f states. Out of two sp-elements, Al and Ge, Ge-p states are more effective in the vicinity 
of the Fermi level, EF. Mn-d states, compared with the Co-d and Cu-d states, are available at EF 
giving rise to magnetism of Mn in Gd3MnAl3Ge2. The corresponding magnetic moments for all 
atoms in the studied compounds are listed in Table 2 (calculations have been performed at 0 K 
only). The Gd-f moment in the three compounds is 7 B, due to the involvement of Gd-f states. In 
all compounds, Gd and T atoms align antiparallel confirming the antiparallel coupling of Gd-f and 
T-d states; a usual behavior in R-T compounds. The Co/Cu moments are nearly negligible and also 
antiparallel to the Gd f moments. The moments of sp-elements (Al, Ge) are also negligible, 
however, they play important role in the stability of the compounds. 
 
Table 2. Formation energies, atom resolved and total spin magnetic moments of Gd3TAl3Ge2. 
 
Compound Formation energy Magnetic moment, B  eV/f.u. Gd T Al Ge B/f.u. 
Gd3MnAl3Ge2  13.01 7.10 2.63 0.01 0.02 19.62 
Gd3CoAl3Ge2 11.31 7.07 0.13 0.01 0.04 21.34 
Gd3CuAl3Ge2 11.38 7.08 0.01 0.01 0.02 21.61 
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 Fig. 5. Total and atom-resolved DOS of Gd3TAl3Ge2 (T = Mn, Co and Cu) compounds. 
 
Magnetic susceptibility of Gd3MnAl3Ge2 
The temperature dependence of the magnetization, M(T), has been measured for the Mn 
compound in zero-field-cooled (ZFC) and field-cooled (FC) modes in applied magnetic fields of 
200 Oe and 1 kOe between 2 and 300 K. The data at both fields show two step-like anomalies (Fig. 
6) and no irreversibility. The corresponding Curie temperatures (for data at H = 1 kOe) are TC1 = 
142 K and TC2 = 97 K, as derived from the peaks of the first derivative dM(T)/dT. A third anomaly 
is observed at 15 K; it can be due to a small amount of an unidentified impurity phase, or of 
another magnetic impurity which was undetected by the X-ray investigation due to the relatively 
high background (the highest signal to noise ratio was less than 10, see Fig. 3a). The overall trend 
of M(T) observed here is quite similar to that found in Gd3CoAl3Ge2 [13]. Both TC1 and TC2 values 
obtained for the data at 200 Oe are slightly higher than those at 1 kOe (147 K and 99 K, 
respectively). The inverse magnetic susceptibility, 1/, versus temperature is shown in the inset of 
Fig. 6. It follows the Curie-Weiss law between 220 K and 300 K. The linear fit yields a positive 
Weiss temperature, P, of about 9 K; this value is much lower than either of the observed TCs, 
although it confirms ferro/ferrimagnetic (FM/FIM) ground state. The effective moment, eff = 7.6 
B is slightly lower than the expected theoretical value of 7.94 B/Gd3+ [23]. The isothermal 
magnetization, M(H), has been measured at 5 K, 30 K and 125 K, i.e. between the three transitions 
observed in the M(T) curves; the data are shown in Fig. 7. At all the three temperatures, the 
magnetization increases with the increasing magnetic field with a trend that would suggest a FIM 
behavior; similar trends were observed in some R11Ni4In9 compounds [24]. The data do not show 
tendency to saturate up to 50 kOe; at this field the magnetization at 5 K reaches a value of 4.5 
B/f.u., corresponding to about 1.5 B/Gd, which is much lower than the theoretically expected 
(Table 2) values of 6.3 B/Gd (assuming collinear ferrimagnetism). The M(H) curves do not show 
hysteresis. 
Clearly, a much more detailed examination of the magnetism of this compound is required and 
will be performed in the near future. The magnetic properties of this compound reported here 
should, therefore, be considered preliminary. 
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Fig. 6. Magnetization versus temperature, M(T), measured at 200 Oe and 1 kOe and between 2 and 
300 K for the Gd3MnAl3Ge2 compound, with the derivative, dM(T)/dT for 1 kOe data, shown on 
top of the main panel as a solid line in arbitrary units; the inset shows the inverse magnetic 
susceptibility, 1/, at 1 kOe and the fit to the Curie-Weiss law. 
 
Fig. 7. Isothermal magnetization, M(H), measured at 5 K, 30 K and 125 K and up to 50 kOe for 
the Gd3MnAl3Ge2 compound (only the first quadrant is shown).  
Summary 
Results from theoretical and experimental analyses of the formation and stability of new 
quaternary Gd3TAl3Ge2 (T = Mn and Cu) and of Gd3CoAl3Ge2 compounds are presented. These 
compounds crystallize in the hexagonal Y3NiAl3Ge2-type structure (hP9, 𝑃62𝑚, Z = 1). Due to the 
type of formation of the studied compounds (peritectic reaction) it is quite difficult to prepare single 
phase samples, and small amounts of impurity phases are generally present. Negative values of the 
formation energies derived from DFT confirm stability of these compounds. Preliminary 
experimental measurements of magnetization of Gd3MnAl3Ge2 show two FM/FIM like transitions 
at TC1 = 142 K and TC2 = 97 K, with another anomaly at about 15 K. Isothermal magnetization data 
at 5 K do not show tendency to saturation (at least up to 50 kOe), further suggesting a possible FIM 
behavior. 
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